Purpose: This study was conducted to characterize the relationship of the angulation between the tooth root axis and alveolar bone axis with anterior alveolar (AA) arch forms and sagittal root position (SRP) in the anterior esthetic region using cone-beam computed tomography (CBCT) images. Materials and Methods: CBCT images that met the inclusion and exclusion criteria were categorized using a recent classification of AA arch forms and a SRP classification. Then, the angulation of the root axis and the alveolar bone axis was measured using mid-sagittal CBCT images of each tooth. The relationships of the angulation with each AA arch form and SRP classification were evaluated using 1-way analysis of variance and a linear regression model. results: Ninety-eight CBCT images were included in this study. SRP had a greater influence than the AA arch form on the angulation of the root axis and the alveolar bone axis (P<0.05). However, the combination of AA arch form and SRP was more predictive of the angulation of the root axis and the alveolar bone axis than either parameter individually. conclusion: The angulation of the root axis and alveolar bone axis demonstrated a relationship with the AA arch form and SRP in teeth in the anterior esthetic region. The influence of SRP was greater, but the combination of both parameters was more predictive of root-to-bone angulation than either parameter individually, implying that clinicians should account for both the AA arch form and SRP when planning implant placement procedures in this region. 
Introduction
Dental implants have become the standard treatment for dental reconstruction due to their high survival and success rates for both osseointegration and restoration. However, dental implants in the maxillary anterior esthetic zone are challenging for clinicians due to patients' esthetic expectations and several risk factors that affect treatment outcomes, including anatomical risks, aspects of the smile design, and limited tooth space. [1] [2] [3] [4] [5] From a biomechanical perspective, the anterior maxilla is the weakest region for implant placement, which underscores the importance of placing implants with an appropriate 3-dimensional position and angulation in the alveolar arch to optimize outcomes related to esthetics, phonetics, load distribution, and the loss of bone and soft tissue around the implant. 1 After tooth extraction, hard and soft tissue alterations can occur in the both horizontal and vertical dimensions, especially on the facial aspect of the alveolar ridge. 6, 7 When a large amount of alveolar bone change occurs, there may be insufficient ridge width for implant placement. 4 A clinical examination and proper radiographic images, such as those provided by 3-dimensional computed tomography, are required to obtain accurate information Influence of the anterior arch shape and root position on root angulation in the maxillary esthetic area about the alveolar arch prior to implant placement. Several reports have presented classifications of the maxillary arch form or the dental arch form using measurements derived from models [8] [9] [10] or human cadavers. 11 However, previous reports have all focused on the dental arch or basal arch, and none have fully addressed the form of the alveolar arch proper, since the alveolar process that supports teeth and dental implants is located deep under the tooth structure. Suk et al. (2013) were the first to report the application of cone-beam computed tomography (CBCT) to compare dental and basal arch forms in cases of normal occlusion and class III malocclusion. 12 Using CBCT, Bulyalert et al. (2018) recently reported a classification of alveolar arch forms in the maxillary anterior esthetic zone. 13 Anterior alveolar (AA) arch forms can be classified into 4 groups: long narrow arches, short medium arches, long medium arches, and long wide arches, according to the intercanine width, interpremolar width, intercanine depth, and intercanine width-to-depth ratio. 13 This classification of AA arch forms could be helpful for selecting the implant size when determining the number of implants or implant axes; however, it still has no evidential support. The root position is crucial for implant treatment planning in the anterior esthetic region, particularly in immediate implant therapy. The original root position in the alveolar bone was found to explain the morphology of the post-extraction site, which in turn could predict future implant stability and bone perforation. Accordingly, Kan et al.
14 presented a classification of sagittal root position (SRP) to aid implant treatment planning, in which the relationship between the root position and its osseous housing is categorized as class I, II, III, or IV. Several studies have reported the angulation of the alveolar bone axis and the long axis of the whole tooth for the anterior maxillary teeth. This information is beneficial for guiding orthodontic therapies. [15] [16] [17] Nonetheless, some authors have used the SRP classification within the alveolar bone housing 14 to evaluate bone quality as a guideline for assessing the challenges of implant placement or the need for adjunctive soft tissue and/or hard tissue augmentation during treatment planning. [18] [19] [20] Wang et al. 15 and Lau et al. 21 suggested that the implant axis should be placed in a way that mimics the natural tooth root and is parallel to the tooth root axis. Nevertheless, no reports have yet demonstrated the proper angulation of the natural tooth root and the alveolar bone axis. Taken together, achieving long-term successful outcomes of implant therapy requires the implant fixture to be placed in the alveolus with an appropriate position and angulation 1 depending on various factors, such as the arch form. Nonetheless, no previous study has reported the angulation of the root axis and the alveolar bone axis in different types of anterior maxillary alveolar arch forms. This study therefore aimed to characterize the relationships of the angulation between the tooth root axis and the alveolar bone axis with AA arch forms and SRP in the anterior esthetic region using CBCT images.
Materials and Methods
This study was conducted with the approval of the Ethics Committee of the Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand (HREC-DCU-P 2016-011). CBCT images of the anterior maxillary region, including the right to the left maxillary first premolars of patients without any artifacts and defects, along with patients' data, were retrieved from the radiographic database of the Esthetics and Implant Clinic at Chulalongkorn University. The data were originally recorded from January 2013 to December 2016. The following inclusion criteria were applied: age of at least 21 years at the time of the CBCT scan; class I normal occlusion (a class I molar and canine relationship, a curve of Spee of less than 2 mm, arch length discrepancies of less than 3 mm, and normal overbite and overjet); fully formed and intact maxillary incisors, canines and first premolars; no evidence of periapical pathology; and no history of surgical and/or orthodontic treatment. The measurements were made using computer software (One Volume Viewer Software Ver.1.8.0; J. Morita Mfg. Corp., Kyoto, Japan) under 300% magnification.
Classification and measurement of the AA arch form
In this study, the AA alveolar arch form was classified according to the system proposed by Bulyalert et al. 13 Briefly, the classification was based on the curve of the anterior maxillary alveolar arch from the right to left maxillary first premolar teeth at the implant platform level, approximately 3 mm below the cemento-enamel junction. The anterior maxillary alveolar arch forms were classified into 4 groups: long narrow arch forms, short medium arch forms, long medium arch forms, and long wide arch forms. 13 
SRP classification
The SRP classification was based on the dental root position of the maxillary incisors and maxillary first premolars in the alveolar bone housing. Each tooth root image was classified according to the classification published by Kan et al., 14 according to which the position of a root within its bone is divided into 4 classes, 14 as detailed in Figure 1 . As shown in Figure 1 , class I contains roots engaged with the buccal cortical bone, class II includes roots that are in the middle of the alveolar bone housing without engaging either the buccal or the palatal bone at the apical third of the root, class III contains roots engaged with the palatal cortical bone, and class IV refers to roots engaged with both the buccal and the palatal cortical bone. 14 
Angulation evaluation
The angulation of the alveolar bone axis and the tooth root axis was defined as the angle between the alveolar bone axis and the tooth root axis of the maxillary central incisors, lateral incisors, canines, and first premolar teeth. To measure the angulation of the alveolar bone axis and the tooth root axis, the labio-lingual cross-section at the middle of the tooth was measured using CBCT images in accordance with the procedure described by Lau et al. 21 Figure 2 shows the angulation and long axis of the tooth root and alveolar bone. Specifically, Figure 2A shows the alveolar bone axis, which is represented by line A, which bisects the angle of the buccal line (line 1) and palatal line (line 2). Figure 2B demonstrates the tooth root axis (line B), which is the line drawn from the midpoint of the cervical line (line 3) to the root apex. The angulation between the alveolar bone axis and the tooth root axis is shown in Figure 2C , where C° represents the angle between the alveolar bone axis (line A) and the tooth root axis (line B). 
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The angulation between the alveolar bone axis and the root axis was analyzed in both the right and left maxillary central incisors, the maxillary lateral incisors, the maxillary canines, and the maxillary first premolars.
Data analysis
The mean and standard deviation of the angulation between the tooth root axis and the alveolar bone axis was calculated for each of the different types of AA arch forms. The data were analyzed using statistical software (SPSS 22.0; IBM Corp., Armonk, NY, USA). To ensure the reliability of the measurements obtained from the examiner, intra-examiner calibration was performed by measuring 10 randomly selected images twice on separate days 1 month after the initial measurements. The intraclass correlation coefficient was calculated using a 2-way mixed effects model to obtain a 95% level of confidence interval. The normality of the data was determined using the Shapiro-Wilk test. A comparative analysis with the independent t-test and Pearson product moment correlation was conducted between the right and left sides of the alveolar arch forms. Descriptive statistics were presented, including mean values with standard deviations, frequencies, and percentages. Analysis of variance with the Scheffe post-hoc test was performed The same superscript capital letters indicate the absence of significant differences in sagittal angulation for each horizontal row (P>0.05). to compare the angulation of the root axis and the alveolar bone axis of the maxillary incisors and maxillary first premolars according to the type of alveolar arch form and the SRP. The Tukey post-hoc test was used to compare the sagittal angulation of individual teeth. The influence of the AA arch form and SRP on the angulation between the root axis and the alveolar bone axis was analyzed through linear regression models. P values <0.05 were considered to indicate statistically significant differences.
results
In total, CBCT images from 98 patients satisfied the inclusion criteria of this study, and 196 CBCT images of the left and right maxillary central incisors, lateral incisors, canines, and first premolars were evaluated. The mean sagittal angles between the root axis and the respective alveolar bone axis of each tooth are shown in Table 1 . The largest sagittal angulation between the alveolar bone axis and the tooth root axis was found for the maxillary central incisor. There was no significant difference in the sagittal angulation of the alveolar bone axis and the tooth root axis between the right and left sides. However, a moderate correlation was found between the right and the left sides (r = 0.671; P<0.001).
The classification of the AA arch forms showed that in the CBCT images, there were 30 long narrow arches, 12 short medium arches, 30 long medium arches, and 26 long wide arches. The overall mean sagittal angulation of the root axis and alveolar bone axis in the short medium arches was significantly lower than that observed in both the long medium arches and the long wide arches. The sagittal angulation between the alveolar bone axis and root axis in the short medium arches showed less significant differences than were observed in the long medium arch at the maxillary central incisor and canine. In addition, the sagittal angulation between the alveolar bone axis and root axis of the maxillary central incisor of long wide arches was significantly greater than was observed for short medium arches ( Table 2) .
The SRP was categorized according to Kan et al. 14 Most of the roots of maxillary incisors and maxillary first premolars were positioned buccally within the alveolar bone (class I). Meanwhile, no cases were found in which the SRP showed engagement with the palatal cortical bone (class III). The number (percentage) of teeth showing class I, II, III, and IV SRP is shown in Table 3 . Statistically significant differences in the overall mean angles between the tooth root axis and the alveolar bone axis were Table 5 . found between classes I, II, and IV (P<0.05). In class I, the mean angulation of the maxillary central incisor was significantly greater than that of the other teeth. However, in classes II and IV, significant differences between the mean root-to-bone angulation of the maxillary incisors and the first premolar were not found ( Table 4) . The frequency of each SRP class according to each AA arch form for the various teeth is shown in Table 5 . The SRP of the maxillary central incisor in every arch form was either class I or II. More than 98% of the maxillary canines were classified as SRP class I, as were most of the maxillary first premolars, followed by classes II and IV, respectively.
As shown in Table 6 , the alveolar arch form and SRP classification explained 2.5% and 9.5% of the variation in the angle of the root axis and the alveolar bone axis, respectively. However, the AA arch form in combination with the SRP accounted for approximately 11.7% of the variation in the angulation of the root axis and alveolar bone axis. The relationship between the alveolar arch form and the SRP with the angle of the root axis and the alveolar bone axis was found to follow the following equation: Angle = 7.101 -1.161 long narrow arch -2.787 short medium arch + 0.239 long medium arch + 8.867 SRP1 + 6.482 SRP2
discussion
Our study showed a moderate correlation between the right and left AA arch forms. The angulation between the dental root axis and the alveolar bone axis was also correlated to a similar extent. Thereby, the position and axis of an implant in the anterior maxillary region could be guided by the angulation of the contralateral tooth root axis and the alveolar bone axis. Adjunctive bone augmentation may be required to build an appropriate contour of the AA arch. 22, 23 Our analysis of the relationship between the root-tobone angulation and the AA arch form demonstrated that the angulation between the tooth root axis and the alveolar bone axis was strongly influenced by the intercanine depth. The angulation of the tooth root axis and alveolar bone axis decreased as the intercanine depth of the alveolar arch became smaller. Thus, the type of AA arch form could be used to predict the angulation of the tooth root axis and the alveolar bone axis.
Class I SRP showed the greatest angulation between the dental root axis and the alveolar bone axis, and exhibited greater palatal bone thickness than the other classes. 24 Most of the maxillary teeth in the anterior esthetic zone in this study were classified as having class I SRP, whereas class III SRP was not found within the dataset used. This result is consistent with the results of previous studies. The frequency of class III SRP has been reported to vary from 0.2% to 1.8%, 14, 21, [25] [26] [27] indicating the rarity of this class of SRP. 14, 21, [25] [26] [27] Therefore, palatal implant engagement in the anterior maxilla is recommended due to the availability of sufficient palatal bone support, which affects primary implant stability during immediate implant placement. Consequently, immediate implant placement is typically performed in the anterior esthetic region. The previous concept of immediate implant placement was driven by restoration, 28, 29 meaning that the implant should be placed in a way that mimics the dental root axis. Since class I SRP is most common, most implants should be drilled parallel to the labial cortical bone, and should also be inclined more towards the labial edge than towards the incisal edge or cingulum. For this reason, the thinned alveolar bone, especially in the labial aspect, tended to increase the risk of bone perforation during osteotomy. On the basis of the findings of this study, we recommend the use of CBCT assessment as a standard method for presurgical evaluation of the implant site to determine the volume and quality of the bone surrounding vital structures. In order to minimize recession of the labial bone and soft tissue, we recommend a minimum labial bone thickness of 1-2 mm. 30, 31 As a result, when seeking to achieve long-term maintenance of both esthetic results and function, surgeons should use a modified 3-dimensional implant position and angulation by placing a properly sized and shaped implant fixture more palatally, and should also fill the labial gap with bone grafting material during immediate implant placement. Moreover, if the bone volume is insufficient, bone augmentation may be performed either during or before implant placement. 32, 33 In summary, the angulation of the dental root axis and the alveolar bone axis plays an important role in determining implant position, and is influenced by both the AA arch form and SRP. Surgeons should be aware of this information and take it into consideration when determining where implants should be properly placed in order to achieve a suitable result.
